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UNSTABLE BUBBLE MOTION UNDER LOW 

GRAVITATIONAL CONDlTlONS 

by J o h n  B. Haggard, Jr .  

Lewis Research Center  

SUMMARY 

An experimental study was conducted to examine some  fundamental aspects of the 
nonrectilinear motion of single noncondensable bubbles under low gravitational condi
tions. An acceptable cr i ter ion was found for  predicting the onset of unstable bubble mo
tion which was consistent with published stability calculations at normal gravity. Data 
are also presented on the changes of frequency and amplitude of unstable (oscillatory) 
motion that occur in low gravity. The findings are applicable to bubbles in low-viscosity 
isothermal fluids a t  both normal and reduced gravity. 

1 NTRODUCTION 

Understanding and predicting the motion of bubbles in low-viscosity fluids is of con
siderable  importance in  designing liquid-vapor systems aboard space  vehicles. Both 
pump cavitation and costly liquid venting may result  i f  the c lusters  of bubbles that may 
exist in tanks aboard spacecraf t  in low gravity are not properly taken into account. Pre
dicting the motion of single bubbles is part  of the knowledge needed to understand the 
motion of c lusters  of bubbles. Two important aspects of the dynamics of bubble motion 
are the terminal velocity and the path of the bubble. In normal gravity, bubbles move in 
recti l inear paths when they are spherical  and have Reynolds numbers less than several  
hundred. For higher Reynolds numbers,  bubbles are distorted and move in helical o r  
zig-zag paths, that is, with unstable motion. 

In low gravity, Haggard and Masica (ref. 1)correlated the terminal velocity and 
shape of single bubbles moving in  recti l inear paths as a function of the system accelera
tion and liquid properties.  This report is concerned with establishing a criterion for  
predicting the onset of unstable motion in low gravity. Knowledge of the path a bubble 
takes through the liquid, whether recti l inear o r  unsteady, can be helpful in  determining 



the rates of coalescence and the mutual effect one bubble has  on its neighbors. 
A sea rch  of the l i terature  f o r  work done on low-gravity unstable single bubble motion 

revealed no reports .  For work done in normal gravity, two reports  of interest  were  
found. Saffman (ref. 2) examined zig-zag motion and arr ived at a value of 1 .03  for  the  
cri t ical  Weber number (based on bubble radius),  that is, the Weber number above which 
bubble motion is unstable and below which it is stable. He  also analyzed the terminal 
velocity of bubbles with helical motion in water by assuming inviscid flow a t  the front of 
the bubbles and examining the p re s su re  distribution over the front surface.  Hartunian 
and Sears  (ref. 3)  theoretically and experimentally investigated the motion of a deform-
able sphere  moving at a constant velocity in an inviscid fluid at various Weber numbers. 
Their  resul ts  led to unstable bubble motions above a certain Weber number (3.18). This 
indicated to them that the sur face  tension - hydrodynamic p res su re  interaction could 
yield unsteady motion. Their  experiments on many test liquids tended to confirm their  
analysis. 

This report  presents  the resul ts  of an experimental study in low gravity to determine 
when unsteady bubble motion would occur. Measurements of the frequency and amplitude 
of oscillation af ter  the onset of unstable motion are presented. The resul ts  are compared 
with normal-gravity data. The study was conducted in the Lewis Research Center's 
Zero-Gravity Facility, where gravity levels f rom 0.03 to 0.05 g were  attained. Bubble 
radii ranged from 0.17 to 0.87 centimeter. 
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SYMBOLS 

amplitude of unstable oscillation of bubble, cm 


amplitude of oscillation in x direction, cm 


amplitude of oscillation in y direction, cm 


acceleration, cm/sec 2 


Bond number, 4r2 a/P
eq 
constant 

distances along coordinate axes ,  cm 

acceleration due to gravity, 980 cm/sec 2 

constant 

constant 
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v 

R e  Reynolds number, 2reqv/v 

r 
eq equivalent radius of spherical  bubble of s a m e  volume as observed bubbles, cm 

rh average semimajor  axis perpendicular to direction of motion of bubble, cm 

rZ 
average semiminor axis paral le l  to direction of motion of bubble, cm 

t t ime,  s e c  

V terminal velocity, cm/sec 

We Weber number, 2r v”/Peq 
P specific sur face  tension, 5 / p ,  cm3/ sec  2 

rl liquid viscosity, CP 

e angle between plane of zig-zag motion and x-z plane 

V kinematic viscosity, q/p,  cm 2/ sec  

P liquid density, g/cm 3 

5 sur face  tension, dynes/cm 

w frequency of unstable oscillation of bubble, rad/sec 

APPARATUS AND PROCEDURE 

Test Liquids 

The following liquids were  used in this study: 1-butanol, methanol, carbon tetra
chloride, trichlorotrifluoroethane, and FC- 78 ( t rade name of fluorocarbon solvent made 
by the 3M Co. ). All w e r e  analytic reagent grade liquids. Values fo r  the three  liquid 
properties pertinent to this study (density, viscosity, and sur face  tension), which are 
given in handbooks and reference 4, are listed in table I. These properties w e r e  used in 
the calculations of the Reynolds number,  the Weber number, and the Bond number. The 
investigation w a s  limited to low-viscosity (0. 5 to 3.0 cP)liquids because bubbles in these 
liquids exhibit g rea te r  and more  easily observed terminal velocities. 
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TABLE I. - SUMMARY OF LIQUID PROPERTIES 
~ 

Density, rempera Surface Tempera Viscosity Tempera 

g/cm OC 0, OC C P  OC 
jynes/cm 

0.791 20 24. 5 0 0.60 20 
.7a7 25 22.6 20 . 5 5  25 
. 7 a 2  30 20 .1  50 . 5 1  30 

.. . .. - .  

1 .725  i a  13. 2 20 0. a2 19 
1.716 24 12 .6  25 . 7 9  22 
1.700 30 1 2 . 3  29 . 7 5  25 

. -

P ,  
3 

ture,  tension, ture,  0, ture, 

Carbon 1.613 10 28.0 10 0 . 9 7  20 
tetrachloride 1.595 20 26. a 20 . a4 30 

1.575 30 25. 5 30 . I 4  40 
~~ 

Trichlorotri- 1.579 20 18 .6  20 0.70 20 
floroethane 1. 565 25 17. 3 25 . 6 a  25 

1 .534  30 _ _ _ _  _ _ _ _  _ _  

1-Butanol 0.  a i 3  15 26.2 0 3.38 1 5  
.a10 20 24. 2 20 2.95 20 
.a06 25 22.1 50 2.30 30 

Low-G ravity Tests 

Tes t  facility. - The experimental tests were  conducted in  the Zero-Gravity Facility 
shown in figure 1. The free-fall distance of 24 meters  allowed a 2.2-second period of 
weightlessness. Ai r  drag  on the experiment package was reduced to less than g by 
allowing the experiment package to fall inside a drag  shield. During the drop, the pack
age and drag  shield f e l l  simultaneously but were  independent of each other.  The sequen
tial position of the experiment package in the d rag  shield during the tes t  drop is shown in 
figure 2. Low gravity was achieved on the experiment package by means of a gas thruster .  
The package was decelerated by the penetration of the drag  shield spikes into the sand of 
the deceleration container. 

Experiment _ _  . - - The experiment tank was mounted in the experiment package-- .package. 
shown in figure 3.  The experiment package contained a high-speed, 16-mill imeter,  mo
tion picture camera  and a uniform backlighting scheme.  A digital clock accurate  to 0.01 
second was in the field of view of the camera.  Both the calibration of the thrust ,  used to 
apply a low-gravity acceleration, and the alinement of the center of mass  of the package 
through the thrust  axis were  performed according to the procedure outlined in reference 5. 
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Down 

Typical floor plan 

CD-8419-11 

F igure 1. - 2.2-Second zero-gravity faci l i ty. 
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..........................................................:......................::::::............:................. Drag sh ie ld  

,Wire- release counterbalance 
support 7.. mechanism weightsl 

,--Center-of 
' mass axis 

~ Spacer I
I 

Drag sh ie ld  

( a )  Posit ion p r i o r  t o  test drop. ( b )  Free fa l l  ( format ion of zero-gravity 
conf igurat ion) .  

~~ 

I

I a 1 I ,  


Q K 9 - U U  CD-10702 -13 
(c) Application of t h r u s t  ( low-accelerat ion field). ( d )  Posi t ion af ter  test drop. 

F igure 2. - Sequencial posit ion of experiment package and drag sh ie ld  before, dur ing ,  and after test drop. 
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'Backlight 

C-67-1502 
î, 

F igure  3. - Experiment package. 

.~ ~Experiment tank. - The acryl ic  plastic tank (fig. 4)used in low-gravity tes ts  was oc
tagonal. This shape minimized refraction as well as liquid volume. The tank was 19 cen
t imeters  high and 13.96 centimeters between faces.  Each face  was 5.78 centimeters 
wide. Side m i r r o r s  were  installed to provide a three-dimensional view of the movement 
of the bubble. The inser t  at the top of the  tank w a s  designed with an apex in it to provide 
an initial position f o r  the vapor bubble. The top also contained a reservoi r  filled with the 
test liquid and a fill-vent l ine extending down into the tank. The reservoi r  provided an 
expansion volume to prevent either bubble collapse o r  unwanted vapor f rom being pulled 
into the fill-vent l ines whenever the liquid expanded o r  contracted slightly because of am
bient temperature  changes. The tank used in this study was l a rge  enough so that wall ef
fects were  negligible. Reference 6 indicated that wall effects are negligible whenever the 
ratio of tank diameter  to bubble diamter  is grea te r  than 10. The ratio of tank diameter  to 
bubble diameter  for  the test runs ranged f rom 8.0 to 41. Scales with 0.2-centimeter di
visions were  mounted on two faces  of the tank. Appropriate parallax corrections were  
made when necessary.  

Operating procedure. - Before each test, the tank was ultrasonicially cleaned in a. . .  

mild detergent solution, r insed in distilled water ,  r insed again in pure methanol, and 
dr ied in warm filtered air. This procedure was  followed to prevent the tank f rom con
taminating the test liquid. The tank was filled with liquid, and a measured amount of air 
was  injected into the tank with a microl i ter  syr inge through the fill-vent line. The result
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F i g u r e  4. - E x p e r i m e n t  t a n k  u s e d  in low-grav i ty  tests. 
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ing bubble w a s  positioned at the apex of the tank. Two seconds before the drop, the cam
era and lights were  turned on. When the experiment package was released, the thruster  
s tar ted and remained on f o r  the balance of the drop. An isothermal condition w a s  as
sumed fo r  the system during the drop. 

Normal-Gravity Tests 

The tank used in  normal-gravity tests is shown in figure 5 .  It had a square  c ross  

4 . 6  cm-

I T
I
I 


I
I 

I 

I 


I I 

I I 

I I 

I I 

I I 

I I

I I


17.8 r I I 

I I 

I I 

I I

IO.3 cm--

I I 

I I 

I I 


C-68-1041 

Figure 5. - Experiment tank used in normal-
gravity tests. 

section 5.6 by 5.6 cent imeters  and was 17 .8  centimeters high. The ratio of tank diameter  
to bubble diameter ranged from 17 to 80; hence, wall effects were  again negligible. P r i o r  
to each tes t ,  the tank w a s  a lso ultrasonically cleaned and filled with liquid. With a micro
liter syringe, a measured amount of air w a s  injected into the tube that extended from the 
bottom of the tank. The bubble moved along the length of the tube and moved into the tank. 
A s  the bubble rose  in the tank, it was photographed with a high-speed camera.  The liquid 
temperature  was recorded just  before the test. 
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RESULTS AND DISCUSSION 

Expe rimenta  I Data 

Vertical bubble velocity, bubble size, and path measurements w e r e  typicially ob
tained from the motion picture film of each test during the last second of the drop. The 
motion of a bubble for  a typical low-gravity test is shown in figure 6. In the particular 
run shown, the test tank was filled with methanol, the acceleration was 49.7 centimeters 

( a )  Time, 0.70 second. ( b )  Time, 1.12 seconds. 

( c I  Time, 1.80 seconds. ( d )  Time, 2.11 seconds. 

Figure 6. -Typical run sequence. 
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per  second squared and the bubble radius was  0.45 centimeter,  resulting in  a vertical  
velocity of 9.6 centimeters per  second. The bubble, initially at the apex of the tank, was 
accelerated to its terminal velocity, at which t ime the bubble exhibited either rect i l inear ,  
zig-zag, o r  helical motion fo r  the remainder of the drop. Zig-zag motion means that the 
bubble oscillates in a plane that contains the axis of symmetry of the tank as the bubble is 
traveling at a constant terminal velocity along the direction of this axis of symmetry.  
Helical motion means that the bubble moves in a sp i ra l  on an imagined cylinder having a 
radius much sma l l e r  than the tank radius and that its axis of symmetry coincides with the 
axis of symmetry of the tank. A s  with zig-zag motion, the motion in the direction of this 
axis  was constant. It was a l so  observed that, when a bubble in a low-gravity tes t  exhib
ited zig-zag o r  helical motion, it a lso had ra ther  s eve re  rocking motions about i ts  center 
of mass .  

The t ime and distances the bubble traveled in the x, y ,  and z directions w e r e  mea
sured  at intervals throughout the test (see fig. 7). The velocity in the z direction was 
considered the terminal velocity of the bubble. After the bubble had reached terminal 
velocity, bubble diameter measurements w e r e  taken in each of the three directions.  The 
bubble closely resembled an oblate ellipsoid with the z diameter suppressed. The three 
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F igure 7. - Posit ion of bubble from typical run. 
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diameters  measured w e r e  always the minor and two major  axes of the bubble. The equiv
alent radius of the bubble to a good approximation was given by 

F r o m  the data in figure 7, a determination of the type of bubble motion can be made. 
For  recti l inear motion, the dx and d

Y 
curves should be  zero.  F o r  zig-zag motion, the 

curves follow the relations 

d = A s i n  wt  x x 

d = A s i n  wt
Y Y 

where 

Ax = A COS 9 

A = A  s i n  9
Y 

and for  helical motion, the dx and d
Y 

curves follow the relations 

d- X  = A s in  wt (3a) 

dY = A COS ut (3b) 

Frequency measurements were  calculated from the reciprocal of the t ime for one cycle in 
the x o r  y direction t imes 277. The amplitude of oscillation in the case  of zig-zag motion 
was the maximum displacement f rom the axis. The amplitude was found experimentally 
f o r  zig-zag motion by the relation 

(4) 


F o r  helical motion, the amplitude of oscillation was taken to be the radius of the spiral .  
This amplitude was the average amplitude obtained from the dx and dY curves. Once 
these parameters  w e r e  collectively determined, the appropriate dimensionless param

12 




---- 

---- 

TABLE 11. - SUMMARY O F  EXPERIMENTAL RESULTS 

Liquid 	 Accel- Equivaleni rerminz Frequency Amplitude Weber Bond 
?ration, radius of velocity w , of unstablt number, lumber,  

a, ' 
:m/sec' 

spherical  
bubble of 

v, 
cm/sec 

rad/sec oscillation 
of bubble, 

We Bo 

s a m e  A, 
volume as cm 
observed 
bubbles, 

'eq) 
c m  

~ 

Methanol 33 0.24 12.2 _ _ _ _ _  2.5 0.27 

33 . 4 9  9.0 4.4 1.69 2.8 1.13 

33 . 7 1  7 .5  4.4 1.79 2.8 2.4 
49.7 .19  14 .0  _ - _ _ _  2.7 .26 
49.7 . 2 7  12 .2  5.7 1. 32 2.8 . 5 1  
49.7 . 4 5  9.6 5 . 1  1.00 2.9 1.4 
49.7 . 4 9  9 .8  5.0 1.17 3.3 1 . 7  

980 .055 26.4 51.8 . 0 6 4  2.7 . 4 2  
980 .079 23.8 57.5 .068 3.1 .86 
980 . 1 4  18.3 23.9 .142 3.3 2. 7 

FC-78 30 0.62 5.3 5. 7 0.47 4.6 6 . 1  

45.3 . 6 2  6 . 4  3.9 . 3 7  6. 5 9 .2  
45.3 . 8 7  6 . 7  5.4 . 7 0  10 .2  11 .5  

T richlo rot ri- 30 0 .22  9.1 4.7 1. 32 3 . 1  0. 50 

floroethane 30 . 26 7 . 1  4.9 1.25 2.4 .73  
30 f 3 8  7. 2 4.8 . 8 5  3.8 1 .51  

___ 

Carbon 30 0.17 11 .4  _ _ _ _  _ _ _ _ _  2.7 0 .21  

tetrachloride 30 . 3 4  9 .0  7.0 1 .27  3.3 .84  
30 .66  7.3 3.4 1.04 4 . 2  3. 2 

1-Butanol 980 0.03 9 . 7  _- - - _ - _ - - 0.19 0 . 1 2  

. 0 4  10 .4  _ _ _ _  _ _ _ _ _  . 29 . 2 1  

.07  21. 7 _ _ - _  _ _ _ _ _  2. 2 .63  

.ll 20.2 47 0.115 2.9 1.6 

. 1 7  19.4 47 .16  4.2 3 .8  

Xeynolds Type of 
number, motion 

Re 

800 iecti l inear 
1300 Zig-zag 
1500 Zig- zag 
1500 Xectilinear 

900 Zig-zag 
1200 
1300 

400 
500 
700 1 

1400 Zig-zag 
1700 Zig-zag 
2500 I elical 

900 Zig-zag 
900 Zig-zag 

1200 3el ical 

700 Rectilinear 
1000 Zig-zag 
1700 Zig-zag 

19 Rectilinear 
24 Rectilinear 
86 Rectilinear 

130 Zig-zag 
190 Zig-zag 

~ 

eters (We, Bo, and Re) could be determined. A summary  of the experimental resul ts  is 
given in table 11. The data  presented ranged over Reynolds numbers from 19 to 2500. 

Criterion for Unsteady Bubble Motion 

The region of stable bubble motion is an important one s ince  many small  but observ
able bubbles fall into this region. Typically, in normal gravity, bubbles less than 0.01 
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centimeter in radius move in recti l inear paths. Bubbles l a r g e r  than this (of the order  of 
0.01 c m  in radius) move in  helical o r  zig-zag paths. A s  the gravity level is reduced, it 
is known from the resu l t s  in reference 1that this recti l inear region extends to much 
l a r g e r  radii .  The cri t ical  radius a t  which unstable motion occurs  in normal gravity ap
pears  reasonably well defined. This report  examines the  corresponding crit ical  radi i  in 
low gravity. 

If it is indeed t rue ,  as normal-gravity theory and experiments indicate, that the be
ginning of unsteady motion is characterized by a crit ical  Weber number (refs. 2 and 3),  it 
would be expected that the s imi l a r  cri t ical  Weber number relation should hold in low 
gravity. 

The author has observed that, in both normal gravity (ref. 1)and low gravity, in
stability first occurs  in a region where the bubble has  become distorted to an ellipsoid. 
It has been shown (ref. 7) that the terminal velocity of. a bubble in this region is given by 
the relation 

v = K(/3a)1/ 4 (5) 

where K FZ1. 5. E the Weber number is constant for the beginning of instability, 

P 

the foregoing equations can b e  solved for  the cri t ical  radius by eliminating the terminal 
velocity. The resulting equation is 

By substituting Siegel's (ref. 7) K value (1.5) and the cri t ical  Weber number found in ref
erence 3 (3.16), L is predicted to be about 0. 7. Equation (7) yields that cri t ical  radius 
(above which instability will occur) as a function of liquid properties and the system ac
celeration. A stability plot of the data presented in table I1 is shown in figure 8. The 
solid symbols indicate unsteady motion; the open symbols indicate recti l inear motion. 
This figure shows that the functional form for  the cri t ical  equivalent radius is consistent 
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Figure 8. -Types of bubble motion a t  var ious gravi ty levels. 

with the assumption of both a cri t ical  Weber number and the dependence of the terminal 
velocity on (Pa)1/4. The empirical  l ine obtained is 

Only the constant of proportionality (0 .4)  in equation (8) differs f rom the predicted value 
of 0 .7  from references 3 and 7. In normal gravity, Hartunian and Sear 's  (ref. 3)  experi
mental cri t ical  equivalent radii  data agree  reasonably well with equation (8). 

When the Weber number, which is defined as the ratio of hydrodynamic to sur face  
tension forces ,  is plotted against system acceleration, it is expected that the region of 
instability should begin at o r  near  a constant Weber number. Indeed, as shown in fig
u r e  9 ,  this is the case  and the experimental cri t ical  Weber number w a s  found to be about 

L iqu id  

4 
Unstable 0 Methanol  

D FC-78 
0 Trichlorotrifluoroethane 

A 0 Carbon tetrachlor ide 
Stable A I -Bu tano l  

$I Stable data f rom ref. 1 
Open symbols denote stable mot ion 
Solid symbols denote unstable mot ion 

A 
A 

11 A 	 h l 1 I I l I I  M 
'4010 %I 60 100 ZOO 400600 1000 

Acceleration, a, cm/sec2 

F igu re  9. - Dependence of type of bubble mot ion w i t h  Weber number.  C r i t i ca l  Weber 
number ,  2.7. 



2.7. This value is in fair agreement with Hartunian and Sear ' s  resul t  (cri t ical  Weber 
number of 3.16), though it is somewhat lower. Saffman's resul t  (ref. 2 )  of We = 1.03 is 
even lower . 

Another interesting resu l t  comes to light if equation (8) is reexamined. For  this 
equation to hold, the Bond number of the bubble must  be a constant. The Bond number is 
defined as the rat io  of gravitational to surface tension forces .  A plot of the Bond numbers 
of the bubbles in this study against sys tem acceleration is shown in figure 10, where the 
cri t ical  Bond number is 0.64. As  a resul t  of the plots in figures 9 and 10, i t  can be con-
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cluded that either the cr i t ical  Weber number o r  the cri t ical  Bond number cri terion is suf
ficient to predict the onset of unstable bubble motion. What is impliedis that for  distorted 
bubbles hydrodynamic forces  are  a s imple function of the acceleration of the system. 

Frequency and Ampli tude Data 

The frequencies of oscillation of all the bubbles, whether they are traveling in a zig
zag o r  helical path, are presented in figure 11. It is c lear  f rom the spread in the data  
that only trends can be discussed. The frequency of oscillation appears to be  directly 
proportional to the squa re  root of the system acceleration. In normal gravity, Saffman 
(ref. 2 )  experimentally found the frequency of oscillation of 30 radians pe r  second fo r  
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bubbles in water,  which agrees  reasonably well with the data presented herein. 
The amplitude data are presented in figure 1 2  and show to a good approximation that 

the amplitude of oscillation is inversely proportional to the square  root of the sys tem 
acceleration. In normal gravity, Saffman (ref. 2 )  experimentally found the amplitude of 
oscillation of 0.15 centimeter for  bubbles in water,  which agrees  well with the data of 
this report. It was also noted that the amplitude of oscillation was dependent on the equiv
alent radius, as mentioned by Saffman. However, because of s ca t t e r  in the amplitude 
data, no mathematical relation was found. 

SUMMARY OF RESULTS 

An experimental study was undertaken to determine when unsteady bubble motion 
would occur in reduced-gravity fields. Measurements of the frequency and amplitude of 
oscillation, when unsteady motion occurred, w e r e  presented. The results were  com
pared with normal-gravity information. The study was conducted at the Lewis Research 
Center's Zero-Gravity Facility, where gravity levels from 0.03 to 0.05 g were obtained. 
Bubble radi i  ranged f rom 0.17 to 0.87 centimeter. The following resu l t s  were obtained: 

1. The approximate bubble s i z e  above which unstable motion will occur for  low-
viscosity fluids is given by the empirical relation 
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where r is the equivalent radius of the bubble, p is the specific surface tension, and 
eq

a is the acceleration of the system. 
2.  Both the cr i t ical  Weber  number and cr i t ical  Bond number above which unstable 

bubble motion occurs  appeared to be constant and independent of the gravity field. That 
cri t ical  Weber number 2 r  eq v

2/ p ,  where v is the terminal  velocity, was about 2.7. The 

crit ical  Bond number 4 r2 a/P was about 0.64. The  implication was that, fo r  distorted 
eq

bubbles, the hydrodynamic force  was  a s imple function of the acceleration on the sys tem.  
3. Unstable bubbles appeared to oscil late with a frequency that was directly propor

tional to the square  root of the system acceleration. 
4. The amplitude of oscillation appeared to be inversely proportional to the square  

root of the system acceleration. 

Lewis Research Center,  
National Aeronautics and Space Administration, 

Cleveland, Ohio, February 13,  1970, 
124-08. 
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